Tunable lattice resonances are demonstrated in a hybrid plasmonic crystal incorporating the phase-change material Ge 2 Sb 2 Te 5 (GST) as a 20-nm-thick layer sandwiched between a gold nanodisk array and a quartz substrate. Non-volatile tuning of lattice resonances over a range ∆λ of about 500 nm (1.89 µm to 2.27 µm) is achieved experimentally via intermediate phase states of the GST layer. This work demonstrates the efficacy and ease of resonance tuning via GST in the near infrared, suggesting the possibility to design broadband non-volatile tunable devices for optical modulation, switching, sensing and nonlinear optical devices. 
Introduction
Lattice resonances, the diffractive coupling of light to localized surface plasmon resonances (LSPRs) in plasmonic crystals, are much narrower than conventional dipolar LSPRs and have interesting applications such as the modification of fluorescent emission and sensing [1] [2] [3] . Unfortunately, the lattice resonance frequency is fixed by geometric and material parameters [3] . This hinders the application of lattice resonances to practical devices, where real-time tunability of the resonance is desirable. Much research effort has been devoted to developing methods to tune plasmonic resonances so that optical components with engineered optical responses and a large working frequency range can be realized [4] [5] [6] . Semiconductorscontrolled carriers concentration modulation and geometric tuning based on micro-electromechanical systems (MEMs) have been applied to split-ring resonators (SRRs) [5, [7] [8] [9] as well as to Fano-type metamaterials [10] to exhibit frequency-agile properties under external stimulus in the past. More recently, phase-change materials have emerged as a promising candidate for resonance tuning, due to their extreme phase switching speeds and the drastic changes in their optical properties upon phase change [11] [12] [13] . For example, vanadium dioxide (VO 2 ) hybrid metamaterials have been previously shown to have tunable resonances resulting from the VO 2 phase transition at THz and IR frequencies [11, [14] [15] [16] [17] . However, the resonance shifting effect is subtle at near infrared (NIR) frequencies because the complex refractive index (n + ik) of VO 2 changes only slightly in n but significantly in k during the phase transition [18] .
Ge 2 Sb 2 Te 5 (GST) is a phase-change material that has been widely used in commercial optical disks and phase-change memory. GST has many attractive intrinsic properties including its large complex refractive index contrast between crystalline and amorphous phases, short tuning time (less than 30 ns), high stability in room temperature, and large cycle number [19, 20] . Changing the phase state of GST can be easily realized through mature methods such as the application of an electric current, optical pumping and thermal stimulus [21, 22] . By precisely controlling the energy and duration of the stimulus, multi-state structures can be engineered with the phase state of GST tuned to the designed crystallization level [23] [24] [25] . In the NIR, a drastic change in the real part of the refractive index from the phase transition and moderately low absorptive losses allow GST to significantly alter the dielectric environment of the resonator while keeping losses manageable. These properties make GST a suitable candidate for achieving a tunable lattice resonance in the NIR within the environment of a plasmonic crystal.
In this article, hybrid phase-change plasmonic crystals used for tuning lattice resonances over a broad spectral range are demonstrated. The GST layer is sandwiched between a gold nanodisk array and a quartz substrate and acts as a tunable dielectric environment for the nanodisk array. The advantage of using a GST tuning layer is its large refractive index contrast, ease of inducing phase transitions and the ability to access intermediate states consisting of a mix of both amorphous and crystalline GST. Here we demonstrate lattice resonance tuning in the NIR regime of the spectrum with shifts on the order of 500 nm. Figure 1 (a) schematically shows the layer structure of a hybrid phase-change plasmonic crystal which consists of a gold nanodisks array and an underneath thin film of GST. The nanodisks, with a dimension of 280 nm in diameter and 40 nm in thickness, are arranged in square lattice with a period of 1.2 µm. The GST thin film underneath the nanodisks is 20 nm thick.
Sample design and simulation
The simulation results in this work were obtained by the finite-difference-time-domain (FDTD) method (FDTD Solutions 7.5, Lumerical Inc.). A broadband plane wave in z direction was used to excite the structure. Periodic boundary conditions were applied to a unit cell in x and y directions. The optical constants of GST were obtained from [20] . Figure 1(b) shows the comparisons between the simulated far-field transmission spectra of plasmonic crystals with three sample configurations: a hybrid phase-change plasmonic crystal with a GST thin layer in amorphous and crystalline phases as shown in Fig. 1(c) , and a gold nanodisk array on a quartz substrate as shown in Fig. 1(d) . Regarding the Au nanodisk array on a quartz substrate, the spectrum (black curve) shows that no significant lattice resonance mode is generated, indicating a weak coupling between the diffractive modes and the dipole resonance of individual nanodisk [26] . In the hybrid phase-change plasmonic crystal with a GST thin film in the amorphous phase, a collective mode from the periodicity of constituent nanodisks and the interaction between the dipoles can occur, generating a sharp lattice resonance at the wavelength of 1.89 µm as the black curve shown in Fig. 1(b) . The Q-factor, bandwidth relative to its center frequency of this resonance dip is around 17. Switching the GST thin film to crystalline phase, the resonance feature is red-shifted to the wavelength of 2.40 µm with a shallower resonance dip and the Q-factor is around 13. This shallower resonance dip may result from more metal-like optical properties associated with the crystalline GST thin film, which leads to an enhanced absorption and reflection thus decreasing the transmitted light intensity. As can be seen in Fig. 1(b) , the significant shift in resonance would result in a large modulation of the transmitted light intensity, for example, the transmittance difference at the wavelength of 2.40 µm is about 50%.
Experimental
To fabricate the samples, the laser interference lithography (LIL) with dry etching was used. The fabrication process of this plasmonic crystal is described in Fig. 2(a) . To start with this process, an as-deposited GST thin layer of designed thickness was sputtered on a transparent quartz substrate by a sputtering system (Balzers Cube) and protected by a SiO 2 thin film of 1 nm from oxidization. Here, the GST thin layer is defined in the amorphous state in our experiments. Subsequently, a 40 nm gold thin film was deposited onto the GST layer by ebeam evaporation (EB03 BOC, Edwards). The GST-Au hybrid samples were then spincoated with a 500 nm thick layer of positive photoresist (S1805) and soft-baked at 75°C for 1 minute. This temperature does not reach the crystalline temperature of the GST thin film. Therefore, the phase still remained in the amorphous phase which has been confirmed by comparing the transmission spectra before and after the soft baking process. Using the LIL technique [27] , a square array of disk pattern with a lattice constant of 1.2 µm was generated on the photoresist layer. Then, the disks were trimmed to a uniform diameter of 280 nm via O 2 plasma processing. The photoresist pattern was transferred to the underlying gold layer via ion milling (RF-350, Veeco microetch). Figure 2(b) shows a scanning electron microscope (SEM) image of the fabricated gold nanodisks array. The fabricated gold nanodisks were in a large area of 0.8 × 0.8 cm 2 and covered by a 50 nm ZnS-SiO 2 capping layer in the last fabrication step. To characterize the fabricated samples, a UV-Vis-NIR spectrophotometer (SHIMADZU) was used to measure the transmission spectra. The phase transition of the GST phase-change thin film was carried out on a hotplate with a constant heating temperature of 135°C. 
Evolution of the lattice resonance through the intermediate phases
In order to study the manipulation of the lattice resonance within the tuning range comprehensively, the fabricated hybrid phase-change plasmonic crystal with an amorphous GST thin film of 20 nm was crystallized at a temperature of 135°C and the spectral measurements of the plasmonic crystal were taken every 5 minutes after rapidly cooling down the sample to room temperature. Several intermediate phases with different crystalline levels are revealed, accompanied with the lattice resonance shift in the range from 1.89 µm to 2.27µm. Figure 3(a) shows several measured transmission spectra of the hybrid plasmonic crystal at different intermediate phases. As anticipated, a red-shift of the lattice resonance is observed with an increasing baking time, indicating a more metal-like portion generated in the phase-change thin film. Large changes in the transmittance at a fixed wavelength are noticed via the intermediate phases, as demonstrated in Fig. 3(a) at 1 .89 µm, the transmittance is 16% before baking (black curve), and increases to 72% after baking for 20 min (blue curve). As, unlike VO 2 thin films used in phase transition, the phases of a GST thin film are stable at room temperature, the different intermediate states are non-volatile, suggesting opportunities in applications such as optical switches and nano-circuitry [28] . [20] . Based on the resonance shifts in the transmission spectra, the relation between the crystallization fraction and crystallization time (d) is obtained.
Since GST is known as a nucleation-dominated material, many small crystalline nuclei are formed first when the temperature reaches its crystallization point and then numerous small crystals are joined together to form a crystalline structure [29] . Thus, the fraction of the crystallized phase-change molecules in the GST thin layer can be estimated by corresponding spectral simulations. We assumed that the GST thin film in the intermediate phases is composed of different proportions of amorphous and crystalline molecules, and several effective-medium theories [30] can be applied to estimate the effective dielectric constant ε eff (λ) of such a GST thin film. In this work, the Lorentz-Lorenz relation [31] as defined by Eq. (1) is used for the approximation,
where m denotes the crystallization fraction of the GST thin film ranging from 0 to 100%, ε c (λ) and ε a (λ) are the permittivity of GST in the crystalline and amorphous phases. The dielectric constant and refractive index are related by ( ) ( ) ( ) n ik ε λ λ λ = + . By careful selections of the value of m to match the resonance shifts, the corresponding simulated transmission spectra of the hybrid plasmonic crystals at different intermediate phases are shown in Fig. 3(b) . The values of the refractive indices of GST in amorphous (n a (λ), k a (λ)) and crystalline phases (n c (λ), k c (λ)) are given in Fig. 3(c) [20] . Experimental and simulation results are in good agreement. The relation between the crystallization fraction and the heating and is plotted in Fig. 3(d) . It can be seen that the crystallization rate is low at both the beginning and the end of crystallization process, while high in the middle region. This nonlinear relation is in good agreement with previous work [29] . Compared to the ideal cases in the simulation, the GST thin film can only be crystallized to a maximum of ~86% in our experimental apparatus as shown in Fig. 3(d) . By extending the baking time, the transmission spectra do not show a further red-shift. Such a result may be due to the possible damage on the GST surface caused by ion milling during fabrication, and the way we heated the plasmonic crystal may also cause volume reduction of GST [32] as well as vacancy defects in the lattice so that GST cannot be entirely crystallized [33] . These problems can be alleviated by using non-destructive fabrication methods such as nanostencil lithography [34] and GST alloys prepared by other means [33, 35] .
The gradually widened and shallower resonance dip with an increasing crystalline level can be qualitatively explained by the refractive indices of amorphous and crystalline GST thin films. When the GST thin film is switched from the amorphous to crystalline phase, the increased extinction coefficient k associated with the crystallized GST indicates an intensity decrease of the localized surface plasmon resonance mode (LSPR) of each nanodisk. From the extinction cross-sections (the black and dark blue dashed curves) in Fig. 3(b) , a more pronounced LSPR mode is generated when the GST thin film is in the amorphous phase. Regarding the real part of the refractive index n, its value is also increased with the crystallization fraction m and thus a larger refractive index mismatch occurs at the material interfaces. This increased mismatch, together with the increased extinction coefficient k, reduces the propagation length of the lattice surface mode [36] . As a result, the diffractive coupling is suppressed.
Conclusions
In summary, a hybrid plasmonic crystal consisted of a gold nanodisk array and an underneath GST phase-change thin film for the active tuning of lattice resonance has been demonstrated. By optimizing the thickness of the phase-change thin film, a hybrid plasmonic crystal with a GST thin film of 20 nm has been selected as an example to successfully show both in the simulations and experiments that the lattice resonance can be tuned in a wide range of around 500 nm. Also, such a resonance dip can be precisely tuned within this range by controlling different intermediate phases of the GST phase-change thin film. With the simulated spectra corresponding to the experimental measurements, the dynamics of the crystallization process in a GST thin film has been investigated and the mechanism behind this tuning apparatus has been qualitatively explained. This modulation method based on the phase transition of the GST phase-change materials is fast, non-volatile at room temperature and capable to direct overwrite numerous cycles. To improve the tuning efficiency, energy-controlled light sources can be used to generate the multi-level optical states in the hybrid GST systems. The phase state of GST can be dynamically set to the designed values, making such devices applicable in the real-world. One challenge may need to be conquered is the energy loss in such a nanosystem. This work offers a platform for the future development of nanoscale optical modulators, switchers, sensors and nonlinear optical devices.
